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Abstract: A projection pursuit cluster (PPC) model was used to analyze the regional partitioning of agricultural
non-point source pollution in China. The environmental factors impacting the agricultural non-point source pollution
were compiled into a projection index to set up the projection index function. A novel optimization algorithm called
Free search (FS) was introduced to optimize the projection direction of the PPC model. By making the appropriate
improvements as we explored the use of the algorithm, it became simpler, and developed better exploration abilities.
Thus, the multi-factor problem was converted into a single-factor cluster, according to the projection, which successfully avoided subjective disturbance and produced objective results. The cluster results of the PPC model
mirror the actual regional partitioning of the agricultural non-point source pollution in China, indicating that the PPC
model is a powerful tool in multi-factor cluster analysis, and could be a new method for the regional partitioning of
agricultural non-point source pollution.
Keywords: nonpoint pollution; regional partitioning; projection pursuit; Free search

The consumption of chemical fertilizers in China has
increased every year since 1978, and China is now the
largest consumer and producer of chemical fertilizers in
the world (Zhu et al., 2006). In developed countries, if
water pollution is to be prevented, the maximum fertilizer N application rate is 150–225 kg N/hm2 per season.
With an average application rate of 434.3 kg N/hm2 per
season, China has been the world’s largest user of pesticides for more than 10 years, and thus, faces serious environmental issues. The mean pesticide application rate
was 8.2 kg/hm2 in 2001, which was much higher than the
mean rate of developed countries (Zhu et al., 2006). The
heavy use of fertilizers and pesticides for intensive farming and low-efficiency cropping systems are often responsible for fertilizer and pesticide leaching into
groundwater and runoff (Duan et al., 2000; Xing and Zhu,
2002; Babiker et al., 2003; Liu et al., 2005).
The runoff of fertilizer N and soil N from paddy fields
in South China has been found to range from 6.75 to 27.0
kg N/(hm2•a) (Xing and Zhu, 2000). Livestock produc-

tion has developed very rapidly in China, resulting in the
total livestock waste in 2002 being over four times
greater than production of industrial organic pollutants.
Moreover, the burning of straw in the open air causes
additional smoke and dust pollution (Xu, 2007).
These pollutants have adverse effects on the environmental and public health, such as eutrophication in lakes
and streams, and the pollution of soil and food (Shen,
2005; Zhu et al., 2006). At present, agricultural
non-point source pollution has become the dominant
source of water pollution in China, and an important factor in air pollution.
Facing these serious environmental problems, researchers have made many suggestions to control the
non-point source pollution in China (Zhu, 1992;
Widawsky et al., 1998). However, China covers a vast
area, and the degree of overuse of fertilizer and pesticide
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varies regionally. Remediation should differ in each area,
so the regional partitioning of agricultural non-point
source pollution in China is very necessary.
Regional partitioning of agricultural non-point source
pollution is a typical multi-factor problem. There are
many factors that impact agricultural non-point source
pollution, such as the application rates of fertilizers and
pesticides, soil erosion, and rainfall quantity, intensity
and duration.
Analyzing high-dimensional data can be very difficult
because (1) it is impossible to draw a visible scatter plot
or otherwise graph the data, which would be very helpful
for exploratory purposes, and (2) data points are extremely sparse in the high-dimensional space, so kernel
smoothers and similar techniques do not work. Projection
pursuit (PP) is able to avoid this “curse of dimensionality” since it actually works with a low-dimensional projection. Also, quite often, some irrelevant variables exist
when the dimension of a data set is moderate to high (Li
and Cheng, 1993).
PP methods look for interesting low-dimensional projection of high-dimensional, multivariate data. The idea
originated in a paper by Kruskal (1969), and Friedman
and Tukey (1974) were the first to use the term “projection pursuit”. Huber (1985) gave an excellent example of
PP that, for the first time, put the fascinating problems
and ramifications of PP into a coherent perspective.
Cheng and Li (1986) provided an in-depth assessment of
the methodology.
PP actually started as a multivariate classification,
pioneered by Kruskal (1969), Switzer and Wright (1971),
Friedman and Tukey (1974). To date, it has been applied
in many fields, such as hydrology (Wang and Ni, 2008),
meteorology (Chang et al., 1990), environmental research (Wang, et al., 2004; Wang et al., 2006), and engineering (Van, 1998; Kotas, 2006). These studies concluded that PP is a powerful tool for statisticians to detect
hidden non-linear structures in high-dimensional data
sets.
The well known Principal components analysis (PCA)
belongs to the family of techniques for reducing dimensions. However, PCA only takes into account the second
order relationships and may miss interesting relationships
that are hidden (Berro et al., 2010). Classical PCA often
fails to give reasonable results (Chang et al., 1990; Li
and Cheng, 1993). For all that, Caussinus and
Ruiz-Gazen (2009) noticed that PP is not widely adopted,
when compared with the extensive use of PCA. In the
present paper, we take advantage of modern, powerful
computers and revisit the field of PP.
The objective of this research is to analyze the regional partitioning of agricultural non-point source pollu-

279

tion in China using a projection pursuit cluster model. In
order to reach our goal, an important condition has to be
fulfilled; constructing an optimization algorithm. It is
commonly accepted that the role played by the optimization algorithm in the field of PP is crucial. Friedman
(1987) pointed out the efficiency of PP strongly relies on
the ability of the optimization algorithm to find substantive optima of the projection index among a forest of
dummy optima, caused by sampling fluctuations. Therefore, seeking the right projection direction is one of the
key issues of the PPC model.
To our knowledge lots of published literature (Guo et
al., 2000; Jin and Ding, 2000; Fu et al., 2003; Wang et al.,
2004; Berro et al., 2010) used a genetic algorithm (GA)
in the context of an exploratory projection pursuit. Only a
few papers used the Particle swarm optimization (PSO)
and other algorithms. But GA and PSO concepts cannot
describe the operation of the algorithm. In particular,
they cannot explain free, uncertain, individual behavior
(Penev and Littlefair, 2005). A novel optimization algorithm, called Free search (FS), was used in this study to
optimize the projection of the PPC model. Some research
shows that the optimization ability of the FS algorithm is
better than other algorithms, such as GA and PSO (Penev
and Littlefair, 2005; Wang and Ni, 2008; Zhou et al.,
2009). However, there is no scientific publication using
the FS algorithm in the context of exploratory projection
pursuit.

1

Materials and methods

1.1

Projection pursuit cluster model

Projection pursuit, a statistical method, was developed to
analyze high-dimensional data based on projection
(Friedman and Tukey, 1974). High-dimensional data are
projected onto one-dimensional space and their characteristics are analyzed through the one-dimensional space.
If x (i, j )(i = 1, 2," , n; j = 1, 2," , m , n is the number
of samples; m is the number of factors of the samples) is
the initial value of the jth factor of the ith sample. The
procedures for developing the model are described as
follows.

1.1.1

Data standardization

In order to eliminate the effect of different ranges of
cluster factor values, the initial data are standardized before they are used in the PPC model. The standardized
formula used in this study is:
x (i , j ) =

x (i , j ) − xmin ( j )
.
xmax ( j ) − xmin ( j )

(1)

Where, x max ( j ) , x min ( j ) are the maximum and minimum
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of the jth factor, respectively.

1.1.2

Constructing the projection index function

Essentially, the projection is used to observe data characteristics from all angles. The projection pursuit method is
used to integrate m-dimensional data into a
one-dimension projection value:
m

z (i ) = ∑ a ( j ) x(i, j )(i = 1, 2," , n) .

(2)

j =1

Next, a classification is made in accordance to the
one-dimensional dispersion pattern of {z (i ) i = 1, 2, " , n} .
An integration index value requires the dispersion of the
projection value z(i) to have the partial projection dots
cluster as densely as possible. It is even better if the partial dots are condensed into certain dot groups. On the
whole, the distance between dot groups should be as
wide as possible. Therefore, the projection index function
can be expressed as follows:
Q (a) = S z Dz ,

(3)

n

Sz =
n

∑ ( z (i ) − E ( z )) 2
i =1

n −1

n

Dz = ∑∑ ( R − r (i, j )) ⋅ u ( R − r (i, j )) .

(4)
(5)

i =1 j =1

Where, E(z) is the average value of the series
{ z (i ) i = 1, 2," , n} ; R is the window radius of partial density, which can be tested, but is normally assumed to
equal 0.1 Sz; and r (i, j ) = z (i) − z ( j ) is the distance between the samples, u(t) =1 if t≥0 and u(t)= 0 if t<0.

1.1.3

Model optimization

Different projection directions reflect different data
structure characteristics. The best projection direction is
the one that may reveal a certain characteristical structure
of high-dimensional data. From Eqs. (6) and (7), it is
shown that the PPC model reflects an optimum problem.
As Friedman pointed out, the efficiency of PP strongly
relies on the ability of the optimization algorithm to find
substantive optima of the projection index among a forest
of dummy optima, caused by sampling fluctuations
(Friedman, 1987).
(6)
m ax Q ( a ) = S z Dz ,
m

∑

a ( j) = 1 .
2

Each animal can operate either with small precise steps
for a local search, or with large steps for global exploration. Each animal decides how to search, with small or
with large steps. FS can be applied to real value numerical optimization problems, as well as the Genetic algorithm (Holland, 1973; Holland, 1992), the Differential
evolution (DE), (Price and Storn, 1997) and the Particle
swarm optimization (Kennedy and Eberhart, 1995). In
the FS algorithm, the animals have the freedom to decide
where and how to search. Free search has similarities
with ant colony optimization, modified for continuous
search, and space real-coded GA (Jin, 2000), PSO and
DE. However, Free Search is not an ant, a swarm or genetic algorithm. The PSO, GA and DE concepts cannot
describe the operation of the algorithm.
In particular, they cannot explain a free, uncertain, individual behavior (Penev and Littlefair, 2005), and the
research has shown that the FS algorithm is better than
other algorithms such as GA, PSO and DE (Penev and
Littlefair, 2005; Wang et al., 2008).

1.1.3.1
,

(7)

j =1

Free search (FS) was proposed by Penev and Littlefair
(2005) as a novel, population-based, optimization
method. Free search can model the behavior of animals.

Vol. 3

Free search algorithm architecture

(1) Initialization
x0 ji = X min i + ( X max i − X min i ) random ji ( 0,1) ,

(8)

x0 ji = a ji , aij ∈ [ X min i , X max i ] ,

(9)

x0 ji = ci , c i ∈ [ X min i , X max i ] .

(10)

Where, x0 ji is an initialization location; random ji (0,1) is
a random value between 0 and 1, aji and ci are constants;
Xmin i and Xmax i are the search space borders; j=1, 2, … ,
m, m is the population size; i=1, 2, … , n, n is the number
of dimensions.
(2) The exploration walk generates coordinates of a
new location,
xtji = x0 ji − Δxtji + 2ΔxtijT randomtji (0,1) .
(11)

Where, xtji is a new location; T is the step limit per walk; t
is the current step, and
t = 1, 2," , T random tji (0,1) is a random value between 0 and 1.
Δ xtji is the modification strategy:
Δxtji = R ji ( X max i − X min i )randomtji (0,1) .

(12)

Where, Rji is the variable neighbor space R ji ∈ [ Rmin, Rmax ] .
The individual behavior, during the walk, is modeled
and described as:
(13)
ftj = f ( xtij ) , f j = m ax ( f tj ) .
The pheromone generation is:
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PH j = f j / max( f j ).

(14)

The sensibility generation is:
SE j = SEmin + ΔSE j.

ΔSE j = (SEmax − SEmin )random j (0,1).

(15)
(16)

Where, SE min = PH min , SE max = PH max ;
The selection and decision-making for a start location,

x0′ ji for an exploration walk is:
x0′ ji = xij ( PH k ≥ SE j ) ,

(17)

k=1, 2, … , m; j=1, 2, … , m,
(3) Acceptable criteria for termination is as follows:
Reaching the optimization criteria:

f max ≥ fopt .

(18)

Expiration of generation limit: g ≥ G .

(19)

Complex criterion: ( f max ≥ f opt ) ( g ≥ G ).

(20)

Where, fmax is the maximum achieved solution; fopt is an
acceptable value of the objective function; G is a limit
and g is a current value.

1.1.3.2

Free Search algorithm improvement

Rji plays an important role in the convergence speeds of
the algorithm, but has little effect on the update of an
individual location. In addition, a new location is selected
according to the relationship between sensibility and
pheromone, and the sensibility generation with randomness. The selected exploration walk of a new location is
not always the best location. Therefore, the final results
of algorithm output are not always optimal.
The FS algorithm was improved by ascertaining the
formula (21) (decrease of line) to Rji, where the same Rit
is adopted per iteration. Thus, the algorithm becomes
simpler, and has better exploration abilities.
(21)
Rit = R max − it ( R max − R min ) / it sum .
Where, it is current iteration times; itsum is the total of the
iteration times, it = 1, 2, " it sum .

1.2 Classification
We put the best projection direction a* into formula (2) to
obtain the projection value of the dots of each sample.
When comparing z*(i) with z*(j), the closer the z*(i) to
z*(j), the more the samples i and j tend to be in the same
class.

2

281

Results and discussion

Agricultural non-point source pollution is created when
rain falls to the earth or snow melts, and the water runs
across fields or pavements, taking with it fertilizers, pesticides, waste from livestock, and many other toxic or
harmful materials. Soil erosion from poor cropping techniques, runoff of excessive fertilizer or pesticide use, and
equipment fuel spills can all result in runoff pollution
into nearby streams and lakes, as well as seepage into
valuable underground aquifers. According to the analysis
above, the index system includes seven factors: (1)
Consumption of chemical fertilizer (kg/hm2) (CF); (2)
Consumption of pesticide (kg/hm2) (P); (3) Production of
wastes from livestock (kg/hm2) (L); (4) Production of
crop straw (kg/hm2) (CS); (5) Rainfall amount (mm) (R);
(6) Ratio of hydraulic erosion area to land area (HL), and
(7) Ratio of agricultural acreage to land area (AL) (Table
1). The factors’ statistical values are shown in Table 1
(Editorial Department of China Agricultural Yearbooks,
1991–2007).
The projection pursuit was used to conduct regional
partitioning of agricultural non-point source pollution for
30 administrative regions in China, listed in Table 1. Let
the initial species scale ‘m’ equal 20, and the step limit
per walk ‘t’ equal 20. The correct projection direction, on
the basis of the projection pursuit, is as follows: a* =
(0.3605 0.5171 0.1914 0.2541 0.4455 0.2867 0.4700).
The projection value was obtained by adding a* into
formula (2). The scatter diagram of the projection values
is shown in Fig. 1, providing obvious proof that 5 regions
can be partitioned.
The cluster results are shown in Table 2, listed as followed:
(1) Region 1 (Shandong province): Shandong province is known as the worst and most severe area for agricultural non-point source pollution in China. Shandong
is one of the most well-known vegetable-producing regions in China, and also hosts the largest distribution
center for vegetables grown in north China, especially in
Shouguang city. In 2001, the vegetable production area
was about 1.96×104 hm2. However, excessive nutrient
application is typical in this region. For example, the
average fertilizer N application rate is over 1,000 kg
N/hm2 (Zhu and Chen, 2002), which is much higher than
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Table 1
Administrative regions

Vol. 3

Data points of agricultural non-point pollution
Index

CF

P

L

CS

Beijing

465

14.68

R

HL

AL

7,113

7,409

561.6

26.75

0.02011

Tianjin

467

6.71

12,633

7,170

569.3

3.98

0.04421

Hebei

345

9.19

11,625

6,246

524.9

29.10

0.04672

Shanxi

252

6.01

3,424

4,836

504.7

59.31

0.02442

Inner Mongolia

188

2.38

1,345

5,701

265.7

13.14

0.00551

Liaoning

316

12.05

6,731

8,580

804.0

32.97

0.02575

Jilin

279

5.83

6,340

9,016

595.8

10.1

0.02608

Heilongjiang

150

4.71

2,591

5,361

531.6

19.12

0.00231

Shanghai

357

20.76

7,763

9,517

1,089.4

0.00

0.05009

Jiangsu

446

13.51

5,641

8,661

986.4

3.97

0.07358

Zhejiang

332

23.13

2,791

8,089

1,601.3

17.75

0.02759

Anhui

311

10.34

8,228

6,096

1,172.1

13.39

0.06525

Fujian

492

22.59

3,282

7,443

1,645.5

12.11

0.01988
0.02682

Jiangxi

246

14.34

4,496

7,658

1,638.0

21.03

Shandong

436

14.59

17,372

8,755

795.0

20.64

0.09029

Henan

372

7.55

20,925

7,509

747.5

18.16

0.04438

Hubei

393

15.13

6,046

8,317

1,173.1

37.72

0.04342

Hunan

263

14.2

8,328

8,304

1,447.0

19.07

0.02284

Guangdong

425

18.07

6,308

7,509

1,771.0

6.14

0.03600

Guangxi

310

8.21

6,826

6,381

1,532.7

4.38

0.00347

Hainan

479

23.26

9,130

5,416

1,749.6

0.60

0.02404

Sichuan

233

5.94

5,045

7,337

973.8

31.09

0.01998

Guizhou

161

2.03

8,934

5,622

1,112.7

41.55

0.02757

Yunnan

236

5.05

4,464

5,342

1,265.8

37.21

0.01604

Xizang

179

3.09

102

7,882

588.0

5.22

0.00019

Shaanxi

351

2.35

3,487

4,793

780.8

57.40

0.02065

Gansu

204

5.58

2,285

4,852

301.1

29.50

0.00925

Qinghai

147

3.66

1,216

5,697

277.4

7.41

0.00068

Ningxia

272

1.45

3,518

5,796

260.6

40.37

0.02177

Xinjiang

289

3.9

79

8,808

144.9

7.04

0.00233

Table 2

Cluster results of 30 administrative regions by projection pursuit

No.

Administrative regions

Projection value

Cluster

Region

No.

1

Shandong

–2.7665

1

1

16

2

Fujian

–1.8575

2

2

17

3

Guangdong

–1.7686

2

18

4
5
6

Hubei
Jiangsu
Shanghai

–1.7553
–1.7383
–1.7376

2
2
2

7

Hainan

–1.7190

8

Zhejiang

–1.6678

9

Henan

–0.85573

3

Projection value

Cluster

Tianjin

–0.3057

3

Guangxi

0.50592

4

Sichuan

0.51548

4

19
20
21

Shaanxi
Jilin
Yunnan

0.58446
0.59685
0.66452

4
4
4

2

22

Guizhou

0.73389

4

2

23

Shanxi

0.77406

4

24

Ningxia

1.49320

10

Anhui

–0.83534

5

3

25

Xinjiang

1.97120

5

3

Administrative regions

11

Hunan

–0.79422

3

26

Gansu

2.05830

5

12

Jiangxi

–0.76754

3

27

Xizang

2.25830

5

13

Beijing

–0.60616

3

28

Heilongjiang

2.33720

5

14

Liaoning

–0.53258

3

29

Inner Mongolia

2.65020

5

15

Hebei

–0.33194

3

30

Qinghai

2.89620

5

Region

4

5
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Fig. 1

Scatter diagram of projection value

crop demands. Consequently, nitrate pollution in the
ground water has been monitored in this intensive vegetable-producing area.
Nitrogen accumulation commonly becomes serious in
vegetable production systems. The average N in the 0–90
cm soil profile in greenhouses in Shouguang was 709 kg
N/hm2 (Zhu et al., 2006). Moreover, Shandong is a major
grain producing area, where an increase in grain production has resulted from greater use of chemical fertilizers.
Therefore, Shandong is the most severely polluted (from
agricultural non-point sources) area in China.
(2) Region 2 includes seven regions; Zhejiang province, Hainan province, etc. These regions are major fruit
and vegetable producing areas, with slightly better conditions than Shandong. The high market value of vegetables and fruit promote the over-fertilization and overuse
of pesticides (Ye, 2001). Moreover, these areas are
mainly located in eastern China, where abundant rain
makes the transference of pollutants by leaching and
erosion easier.
(3) Region 3 includes eight regions; Henan province,
Anhui province, etc. These regions are major grain producing areas, which continue to use chemical fertilizers
and pesticides (Huang and Rozelle, 1995), since there is
a significant correlation between the annual fertilizer
application and increased grain production.
(4) Region 4 includes seven regions; Guangxi province, Sichuan province, etc. These regions are mainly
newly developing areas, whose lower soil productivity
and relatively lower agricultural production (Guo, 2005),
equates to less use of fertilizers and pesticides.
(5) Region 5 includes seven regions; Ningxia Hui
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autonomous region, Qinghai province, etc. These regions
have the lowest agricultural non-point source pollution in
China. They are located in Western China, where the
rainfall is low, causing less runoff. A lack of water resources is the main factor limiting larger-scale agricultural production, especially in Ningxia Hui autonomous
region and Gansu province. Effective irrigation systems
(such as drip irrigation, spray irrigation, etc.) have been
used in these areas, especially in Xinjiang Uygur
autonomous region (Lei et al., 2005). Therefore, leaching
seldom occurs. Because these areas have the lowest fertilizer and pesticide over usage rates, their degree of agricultural non-point source pollution is the lowest in
China.

3 Conclusion
This study used a projection pursuit cluster model to
analyze the regional partitioning of agricultural
non-point source pollution in China. The results show
that five regions have been partitioned, and Shandong
province was the worst area for agricultural non-point
source pollution.
In conclusion, the results of the projection pursuit
mirrors the real world agricultural non-point source pollution data in China, indicating that the projection pursuit
cluster model is a powerful tool in multi-factor problem
and could be a new method for the regional partitioning
of agricultural non-point source pollution in China.
The Free search algorithm (FS) is a novel, population-based optimization method, which was used to optimize the projection direction. FS can be more reliable
for the optimization of unknown problems because it can
find the best projection direction more accurately than
other methods.
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